ABSTRACT Accumulating evidence suggests that non-coding RNAs (ncRNAs) are both widespread and functionally important in many eukaryotic organisms. In this study, we employed a special size fractionation and cDNA library construction method followed by 454 deep sequencing to systematically profile rice intermediate-size ncRNAs. Our analysis resulted in the identification of 1349 ncRNAs in total, including 754 novel ncRNAs of an unknown functional category. Chromosome distribution of all identified ncRNAs showed no strand bias, and displayed a pattern similar to that observed in protein-coding genes with few chromosome dependencies. More than half of the ncRNAs were centered around the plus-strand of the 5' and 3' termini of the coding regions. The majority of the novel ncRNAs were rice specific, while 78% of the small nucleolar RNAs (snoRNAs) were conserved. Tandem duplication drove the expansion of over half of the snoRNA gene families. Furthermore, 90% of the snoRNA candidates were shown to produce small RNAs between 20-30 nt, 80% of which were associated with ARGONAUT proteins generally, and AGO1b in particular. Overall, our findings provide a comprehensive view of an intermediate-size non-coding transcriptome in a monocot species, which will serve as a useful platform for an in-depth analysis of ncRNA functions.
INTRODUCTION
Recent studies have shown that the number of protein-coding genes is quite similar across many model eukaryotes (Matera et al., 2007; Ponting et al., 2009 ). The recent discovery of numerous non-coding RNA (ncRNA) transcripts, however, has introduced a new layer of complexity to our understanding of these eukaryotic genomes. ncRNAs include not only microRNA (miRNA) and small interfering RNA (siRNA), which range around 20-30 nucleotides (nt), but also those consisting of hundreds or even thousands nucleotides as observed in eukaryotic organisms such as worms, fruit flies, and mammals .
To date, the best characterized of all the ncRNAs have been miRNAs and siRNAs, both of which are known to function primarily through the typical sequence-specific gene regulation pathway, RNA interference (RNAi). In this pathway, small RNAs are loaded into different Argonaute proteins and form RISC (RNA-induced silencing complex) complexes to regulate gene expression at both the transcriptional and post-transcriptional levels. Similarly, and perhaps more interestingly, these RNAs have also been associated with epigenetic regulation. Furthermore, a number of small ncRNAs, including both endo-siRNAs and piRNAs (piwi-interacting RNAs), have recently drawn increasing attention due to their role as regulatory factors (Brown et al., 2008) . This repertoire has increased to include short transcripts derived from special positions and other short RNAs (Taft et al., 2010) , such as promoter-associated small RNAs (PASRs) and transcription ignition RNAs (tiRNAs) adjacent to transcription start sites (Project, A.C.S.H.L.E.T, 2009; Taft et al., 2009a; Taft et al., 2009c) .
Overall, the structure of small nucleolar RNAs is typical of that commonly observed amongst intermediate-size ncRNAs. As one of the most ancient non-coding RNA families, snoRNAs are composed of two subclasses, C/D snoRNAs and H/ ACA snoRNAs, both of which have been shown to function as guides in site-specific RNA modification (Dieci et al., 2009; Matera et al., 2007) . The C/D box snoRNAs usually have conserved 5'-end C (RUGAUGA) and a 3'-end D (CUGA) sequence elements, which are tethered by the terminal stem-loop. An additional internal C' box and D' box can usually be found in the same snoRNA. In addition, antisense elements with about 10-15 nt complementary to their targets are located upstream of box D' and box D. While H/ACA box snoRNAs are generally distinguished by the presence of an ACA motif at the 3'-end and a common hairpin-hinge-hairpin-tail secondary structure with the H box (ANANNA) in the hinge region. snoRNAs exhibit varied genomic organization and transcription strategies. Recently, snoRNAs have been found to both target broad classes of RNAs and regulate alternative pre-mRNA splicing (Matera et al., 2007) . Moreover, it has been shown both experimentally and informatically that snoRNAs are able to produce small ncRNAs that are involved in the RNA silencing pathway in animals, Arabidopsis, and fission yeast. Together, these findings suggest that the functional potential of snoRNAs is only just beginning to be appreciated.
Long non-coding RNAs (lncRNAs, >200 nucleotides), which have mostly been observed in mammalian genomes, represent the least characterized ncRNAs to date (Pang et al., 2006; Ponting et al., 2009) . So far, the functions of these RNAs have only been explored in terms of their connection to epigenetic gene regulation, and transcriptional and translational regulation in multiple cellular processes (Louro et al., 2009; Ponjavic et al., 2009; Ponting et al., 2009 ).
As a model system of cereal grass, the well-annotated rice genome has facilitated a comprehensive analysis of non-coding RNA populations, which, in turn, has led to a better understanding of gene expression regulation in vivo. In this study, we initiated the deep sequencing of a non-coding RNA population ranging from 50 to 500 nucleotides using mixed-stage organs. Our systematic analyses have both identified a total of 1,349 ncRNAs, including 754 previously undocumented non-snoRNA type ncRNA candidates, and revealed that more than half (55.9%) of the rice non-coding RNAs are associated with coding transcripts. Moreover, we have identified 433 snoRNA candidates on the basis of their structure features and common motifs, including 125 previously un-annotated snoRNAs. Together, these results should provide a more comprehensive picture of this conserved gene family than has previously been documented. Overall, our analysis of the genomic organization, evolution, and molecular features of snoRNAs will certainly aid in further uncovering of their biological functions.
RESULTS

The Identification of Intermediate-size Non-coding RNAs in Oryza sativa
To identify new non-coding RNA candidates in rice on a genome-wide scale, we isolated and fractionated RNAs ranging from 50 to 500 nt using mixed staged organs from Nipponbare. Two groups of cDNA libraries were constructed using the total RNAs from the vegetative and reproductive organs, respectively. To precisely recognize 5' capped and uncapped non-coding transcripts, different 5'adaptors were applied in each group of the cDNA libraries (see method). Altogether, all cDNA libraries were subsequently subjected to 454 deep sequencing.
Based on the sequence dataset we generated, 782,189 validated reads were mapped to 61,368 distinct loci on the annotated rice genome from MSU6.1 (Ouyang et al., 2007) . After discarding the tRNA-and rRNA-related loci, 19,373 loci with at least two or more reads from deep sequencing were kept for further analysis. The consensus sequences of these multiple reads loci met each of the following criteria before being considered as a putative ncRNA: a) at least one perfectly matched read with the annotated rice genome was observed; b) the novel non-coding transcript had at least one trim and defined terminus; c) at least two non-redundant reads or reads from different sequencing libraries were found. In total, our strict manual curation resulted in the identification of 1,056 consensus sequences as distinct ncRNAs. Among all the detected ncRNA sequences, 700 were well defined on both ends, and thus appear to be excellent ncRNA candidates (Supplemental Fig. 1A and B) . Together, all of the consensus sequences represented 1,349 ncRNA candidates on the nuclear and organelle chromosomes of rice (Supplemental Table 1 ).
Given that many ncRNAs have stable secondary structures, we next tested whether our detected ncRNAs were more stable than their genomic background by calculating their free energy. As supplemental Fig. 2 shows, the free energies of our identified ncRNAs were significantly lower than the same sized coding gene fragments tested, which suggested that the ncRNAs identified in this study were structurally more stable than the hypothetical counterparts of their upstream and downstream regions. Furthermore, the expression of 73% (38 out of 52) of the randomly selected ncRNAs was validated by Northern blots, thereby verifying the expression of these ncRNAs in rice (Supplemental Fig. 3 ). Taken together, these observations of increased stability and confirmed expression speak to the validity of our ncRNA identification strategy.
Next, we statistically characterized our ncRNA collection according to their length and GC contents. We found the average length of all our ncRNAs to be 107 nt, which is significantly at Yale University on November 14, 2012 http://mplant.oxfordjournals.org/ Downloaded from shorter than the average length of an exon (311 bp) or an intron (415 bp) of the annotated protein-coding genes. The smallest ncRNA detected was found to be 41 nt in length, while the largest was 1228 nt. Two peaks on the length distribution map were observed at 90 nt and 150 nt, respectively. The former represented box C/D snoRNAs and more than two-thirds of the novel ncRNAs; the latter represented box H/ ACA snoRNAs (Supplemental Fig. 4A) . Moreover, the average GC content of all ncRNAs was 45% (Supplemental Fig. 4B ), which is between that of an average exon (51.5%) and intron (37.6%) for known protein-coding genes.
Structural Classification of the Rice ncRNA genes
Among the 1,349 ncRNAs we detected, 433 (32%) corresponded to snoRNA-like transcripts, including 301 C/D box and 132 H/ ACA box snoRNAs. 110 (10%) included other RNAs with known functions: snRNAs (59), miRNAs (12), internal transcribed spacers (ITS) (27), 7SL RNAs (SRP-RNA) (5), RNase MRP (1), natural antisense transcripts (NAT) (58). More than half (59%) was novel ncRNA genes with unknown functional or structural features, including 111 ncRNAs resided within the promoter region and 101 in 3' terminal region of protein-coding genes (Fig. 1A) . After comparing our data with previously annotated ncRNAs in the public databases, we found that our data provided 125 completely new snoRNA candidate genes, 5 new NATs, and 781 novel ncRNA genes of unknown function. These new additions to the public non-coding databases will undoubtedly provide a useful platform for further understanding the functions of ncRNA in rice (Fig. 1B) .
In order to determine whether some of these novel ncRNAs were expressed differently in the vegetative organs (stage I) and reproductive organs (stage II), we counted and classified them accordingly. Of the total 1,349 ncRNAs detected in our experiment, 622 could be found in the libraries of both stages, while 186 and 511 could only be detected in libraries of stage I and stage II respectively. This finding suggests that the expression of many of these ncRNAs may be regulated during different developmental stages. (Fig. 1C) .
The Conservation Analysis of Rice ncRNAs
To investigate whether our detected rice ncRNA genes were conserved in higher plants, we searched for their homologs using BLAST in Arabidopsis (E-Value < 1E-7 and similarity > 55%), Sorghum (E-Value < 1E-10 and similarity > 55%) and Brachypodium (E-Value < 1E-10 and similarity > 55%) genomes. Our analysis showed that out of 1,281 ncRNAs on the rice nuclear genome, 730 had counterparts in the Sorghum bicolor genome and 732 had counterparts in the Brachypodium distachyon genome, among which only 176 ，including 86 snoRNAs, 58 snRNAs, 1 miRNAs, 3 SRP-RNAs and 28 novel ncRNAs, were found to be homologous in all four genomes (Fig. 1D) . Furthermore, our analysis indicated that a small fraction of the conserved ncRNAs can be found in all four genomes, including almost all of rice snRNAs and 24% snoRNAs. Thus, it is likely that these shared ncRNAs have existed since before the monocot-dicot divergence roughly 200 million years ago (MYA) (Wolfe et al., 1989) . The majority of the ncRNAs detected, which consisted primarily of snoRNAs (accounts 72% of all snoRNAs), however, were found only in the three cereal genomes, and thus appear to have arisen after the divergence of the intermediate ancestral cereal genome about 50 MYA.
Genomic Organization of Coding and Non-coding Transcripts in Rice
To compare the genomic features of coding and non-coding transcripts on the whole rice genome, we first drew a comprehensive transcript distribution map with both coding and non-coding transcripts on each of the twelve Nipponbare chromosomes. Our analysis indicated that the distribution patterns of coding and non-coding RNAs were similar with only a few chromosome dependent exceptions ( Fig. 2A) . Only 68 of the observed ncRNAs were derived from organelle genomes, such as those of the mitochondria and chloroplasts. The remaining 1,281 were located on the nuclear genome, the distribution of which showed no bias on the Watson and Crick strand, but did exhibit some fluctuations in specific regions (Supplemental Fig. 6A ). For example, very few (5% on average) coding transcripts were distributed on the centromere of each chromosome. However, 12%, 23% and 17% of all ncRNA loci were located around the centromere regions of chromosome 2, 4, and 9, respectively (Supplemental Fig. 6B ). Likewise, in contrast to the 6% of protein-coding genes found on chromosome 9, only 3.5% of the total ncRNA loci were located on this chromosome (P-value=7.878e -06 ) (Supplemental Fig. 6C ). Notably, a rare detection of ncRNAs with only 3 loci was observed in the 17.5-18.8 M region of chromosome 5 ( Fig. 2A) . It should be noted, however, that both the homolog of each of these three ncRNAs and another 9 new non-coding loci were detected on this region's segmental duplication pair, the region of 40.8-42.2 M on chromosome 1. The high frequency of the increase or decrease of non-coding loci on segmental duplication pairs was observed, and then systematically calculated. As shown in supplemental table 3, these calculations suggest that segmental duplication may be one of the predominant forces contributing to the production and deletion of ncRNA loci in the rice genome.
Next, we calculated the number of ncRNAs that matched the sense and antisense strands of the untranslated, exonic, and intronic regions of annotated genes. Our analysis indicated that 57% of ncRNA genes were co-localized with the protein-coding loci, including 288 matched in the intron regions, 228 matched in the untranslated regions, and 232 matched in the coding sequence region (Fig. 2B) . Notably, 90% (679 out of 750) of those co-localized ncRNAs were assigned to the sense strand of the annotated gene, which was consistent with the documented co-localization of coding and non-coding transcripts in mice and humans (Ponting In order to analyze the correlation of the co-localized non-coding and protein-coding transcripts in greater detail, we plotted the distribution of our non-coding candidates with respect to known transcription start sites and 3'-ends. Our analysis demonstrated that the concurrence of coding and all non-coding RNAs centered within 1kb downstream of the 5' transcriptional start site and around the 3' termini of protein-coding transcripts (p<0.01) ( Fig. 2C and 2D ). Thus, it appears that intergenic snoRNA genes were predominantly transcribed downstream of the 3'-termini of neighboring protein-coding genes, and were equally distributed on both the sense and antisense strands. Likewise, the distribution of novel ncRNA loci was primarily centralized on the 5' and 3' untranslated regions of protein-coding genes on the sense strand.
Gene organization and expansion of rice snoRNA genes snoRNAs are one of the most conserved and fastest growing families of ncRNA observed in eukaryotes. The high number of reported rice snoRNAs makes these RNAs an ideal model for analyses of their gene content, organization and evolutionary features (Dieci et al, 2009; Matera et al, 2007) . Our dataset allowed us to draw a relatively complete picture of all the rice snoRNAs. Of the 433 putative snoRNA genes we detected, 125 genes were previously undocumented in all known public databases. 41 of these novel snoRNAs were box C/D snoRNAs, and 84 were box H/ACA snoRNAs (Table 1) . To systematically investigate the genomic organization of rice snoRNAs, which may include independent transcripts, intronic snoRNAs, and gene clusters, we analyzed the genome sequences flanking all the snoRNAs and determined gene clusters by searching for snoRNAs with an interval of less than 500 nt. Our data indicated that, with the exception of 57 novel snoRNA candidates that appear to encode independent genes, the majority (329 of 433, or 76%) of snoRNAs detected are organized into 91 gene clusters, including 43 intergenic clusters, 42 intronic clusters and 6 that partially overlapped with regions of known coding genes. This observation is in accordance with the notion that gene clusters make up the predominant genomic organization of rice snoRNA genes (Brown et al., 2003) . Most of the clusters (74 of 91 total clusters) consisted of two to four snoRNA genes. Altogether, there were 42 novel snoRNAs organized into 14 completely new clusters, while another 26 (Table 1) . For example, a completely new intronic cluster was found that included four H/ACA box snoRNA candidates (Fig. 3A) . Likewise, the annotated snoZ103 cluster that includes three C/D snoRNAs was confirmed in our study, but with the addition of another three box H/ACA snoRNA genes. Thus, our data indicates that this intronic cluster is actually a six-member cluster (Fig. 3B) . Similarly, although snoU19 had previously been annotated as a single snoRNA gene, our analysis identified an additional three new ncRNAs around this particular gene, and thus suggests the existence of a new snoRNA cluster (Fig. 3C ). Besides the intronic snoRNA clusters mentioned above, we also identified a novel cluster in which the sequences of the first two H/ACA snoRNAs were complementary to an expressed protein-coding gene (Fig. 3D ).
It has previously been shown that tandem duplication results in the generation of many snoRNAs. Likewise, polyploidy and chromosomal rearrangement have also been observed as important forces in the production of gene copies (Brown et al., 2003) . Consequently, we sought both to examine the effects of tandem duplication and large-scale segmental duplication (SD) on the expansion of snoRNA gene families, and to gauge which of these two processes made a more significant contribution to snoRNA expansion. To this end, we first confirmed all singleton snoRNAs and snoRNA clusters that may be involved in SD events using flanking protein-coding gene pairs in rice SD blocks as anchors. When multiple repetitions were found at the duplication loci, only the one closest to the original snoRNA was used for further analysis. Thus, the tandem duplication did not enrich the number of homologous pairs. As a result, this method enabled us to identify all of the snoRNA duplication events that have occurred since 90 MYA (Supplemental Table 4 ), around the period when the duplication of the entire grass ancestral genome is thought to have occurred (Eckardt, 2008) . We next calculated the number of snoRNA loci involved in tandem and segmental duplications. The fact that more than 50% of the snoRNA loci observed were in tandem suggests that tandem duplication was the major evolutional force of snoRNA gene family expansion, while segmental duplication of genome played only a relatively minor role (Fig. 3E ).
It has previously been reported that more than half of the rice genome initially underwent segmental duplication, but approximately 30-65% of the duplicated genes were lost shortly after the large-scale duplication event due to rapid mutation accumulation (Wang et al., 2005) . If this were also the case for snoRNA, it might help explain the limited role of SD in rice snoRNA expansion. To test this hypothesis, we compared the percentage of snoRNA genes in SD blocks with the average level of functional fragments of a similar length. To accomplish this analysis, 10,000 ncRNA sequences of comparable length were randomly chosen from the rice coding sequences (CDS), and the proportion of them located within SD blocks was set as the average level (see Method). As was the case for protein-coding genes, 85%-90% snoRNAs had vanished from their corresponding SD pairs due to gene loss (Fig. 3F ). Only about 10% of all the CDS regions and a comparable percentage of the intergenic snoRNA genes that initially associated with SD blocks were maintained, while the retention rate of snoRNA genes nested within introns of protein-coding genes was observed to be 5% higher than it was in CDS simulations. These results suggest that evolutionary changes of genomic organization may affect the course of snoRNA biogenesis.
Relationship between gene duplication and organization of rice snoRNAs
In order to systematically analyze the relationship between non-coding gene duplication and its effect on gene organization, we again used conserved snoRNAs, intronic singletons and clusters in particular, as markers. It has been reported that the genomic organization of snoRNAs differs substantially between monocots and dicots (Brown et al., 2003) . Similarly, it has likewise been noted that the number of snoRNAs in Arabidopsis is approximately half of that observed in rice. Thus, we compared the organization of snoRNA gene families in rice, Sorghum and Brachypodium, three representative monocot genomes. Taking advantage of the datasets from this study, we first looked for all the possible counterparts of rice snoRNA variants in Sorghum and Brachypodium, and took the intronic snoRNA (or clusters) and their nested protein-coding genes pairs as our targets of interest. We found that half (96 out of 201) of all intronic rice snoRNAs and their host coding gene pairs could be found in Sorghum and Brachypodium, indicating their conservation during evolution (Fig. 4A ). According to our results, the organization of half (105) of the intronic snoRNA genes differed among rice, Sorghum and Brachypodium. Likewise, these genes can be further divided into two subgroups based on their organization. One subgroup has its recognizable snoRNA and host coding gene homologs in Sorghum or Brachypodium, though the snoRNAs are located separately from their hosts in Sorghum or Brachypodium. For instance, LOC_Os03g48840 harbors snoR104 in rice (Fig. 4B ), but neither its Sorghum homolog (Sb01g01130) nor Brachypodium homolog (Bradi1g11900) holds snoR104a or snoR104b, which are located elsewhere in at Yale University on November 14, 2012
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Sorghum genome (Fig. 4C ) and located in the immediately adjacent host (Bradi1g882) in Brachypodium genome (Fig.4D) , respectively. The organization of snoR26 in our three reference genomes also proved to be an interesting case. Four rice snoR26 variants were detected in two clusters, with two nested in 50S ribosomal protein L33 (LOC_Os05g37884) and the other two found in the intergenic region (Fig 4E) . In Sorghum, the rice homolog of snoR26, snoR26a, was identified in the intronic region of a completely unrelated protein-coding gene, Sb09g022130, which is separated from Sb09g025380, the homolog of Os05g37884 (Fig 4F) . In Brachypodium, snoR26a was also identified in the intronic region of a completely unrelated protein-coding gene, Bradi2g55600, which is located separately from its rice homolog Bradi2g20030 (Fig 4G) . The second subgroup of snoRNAs resided within the introns of rice-specific protein coding genes, indicating that the re-organization of these snoRNAs occurred after the divergence of cereal genomes. In order to examine the diverse organization of this subgroup in more depth, we used a conserved snoRNA gene, snoR134, as a representative case. Although the partial sequence of snoR134 was previously mis-annotated as a box C/D snoRNA J50.1, our study demonstrated that its actual organization is a typical H/ACA candidate, as predicted in Rfam (Supplemental Fig. 7A ). Three variants of snoR134 were identified in rice, and their counterparts were also found in the other two cereal genomes. The distance analysis of snoR134 variants in all our selected genomes, performed using Clustal W (Thompson et al., 1994) , suggested the existence of an ancient linkage in monocots and dicots (Fig. 4H) . Although the snoR134 variants exhibit multiple organizations in monocots and dicots, the core three-gene-member cluster containing snoR134 (snoR134-snoRU36a-snoZ278), as in rice cluster 63 and 66 (Fig. 4I) , can be found in all the other selected genomes. In the rice genome, two snoR134 variants (snoR134b and snoR134c) were organized into intergenic clusters, making snoR134a the sole intronic gene observed (Fig. 4I ). All their variants were found to be intergenic in Arabidopsis (Fig. 4J) , Sorghum (Fig. 4K) and Brachypodium (Fig. 4L ). snoR134a shares a higher sequence identity with snoR134c (90.1%) than with snoR134b (85.9%), while snoR134b cannot be found in Brachypodium at all. Moreover, the downstream flanking sequence (41nt) of snoR134a and snoR134c showed 66% shared sequence identity. The above sequence comparison suggests that single gene duplication might have given rise to both snoR134a and snoR134c. Likewise, the organization of snoR111 (Supplemental Fig. 7B ) was found to differ both between the monocot and the dicots, and among the three dicots. Thus, it appears that gene duplication may have acted as a means of obtaining diverse gene organization, which, in turn, may have resulted in changes to both snoRNA transcription and its function. 
Small RNAs derived from snoRNAs
It has been reported that small RNAs can be produced from long non-coding RNA loci in animals, Arabidopsis, and fission yeast (Taft et al, 2009b) . We thus investigated whether the same phenomenon applies to rice by using the non-coding RNA datasets created in this study and the small RNA libraries previously reported (Wu et al., 2009; Wu et al., 2010) . To avoid mapping small RNA to multiple loci in genome, only those uniquely mapped to one snoRNA locus were considered in our further analysis. We found that 90% of snoRNAs, including both type C/D and H/ACA, were able to produce small RNAs, the size of which ranged from 19 to 27 nt ( Fig. 5A and Supplemental Table 6 .). Furthermore, our analysis of the position of origin indicated that the C/D sdRNAs (snoRNAderived small RNAs) were primarily derived from both ends of the snoRNAs, while the H/ACA sdRNAs were produced predominantly from 3' ends of their host snoRNAs (Fig. 5B) . Interestingly, one abundant sdRNA was derived from the middle of a box C/D snoRNA, which resulted in a substantial peak at 26 nt on the size distribution map (Fig. 5A and 5B). (C) Predicted secondary structure of JNnc_loci1131. The red bar represents the position that the sdRNA is derived from. Total enriched ncRNAs (100 ug) were blotted, and the membranes were incubated with probes complementary to nt 9-57 (snoRNA probe) and to nt 2-23 (sdRNA probe) in (D) and (E). (E) 17 sdRNAs were enriched at least two fold in AGO1b immunoprecipitates.
(F) sdRNAs with 5' G and U were associated with rice AGO1b.
(G) The relative enrichment of 47 selected sdRNA abundance in WT small RNA libraries compared to that observed in DCL1IR-2 (blue) and dcl3a-17 (red) RNAi libraries, respectively. snoRNAs were employed when the normalized reads of their sdRNAs were more than 5 in each library and the relative enrichment of abundance were at least more than 2-fold.
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We then took one H/ACA box snoRNA, JNnc_loci1131, as an example to validate the processing of snoRNA to sdRNA by Northern blot analysis. A probe complementary to 5' arm of JNnc_loci1131 ( Figure 5C , red bar) detected both full length JNnc_loci1131 ( Figure 5D ) and a single band of ~22-23 nt small RNA in total RNA ( Figure 5E ), suggesting that as least a portion of JNnc_loci1131 is indeed processed to small RNAs. It has been demonstrated that miRNAs and siRNAs load into different Argonaute (AGO) family proteins, the core component of RNA-induced silencing complexes, to execute their biological function in vivo. To test whether rice sdRNAs associate with Argonaute proteins, we queried sdRNAs in a series of reported AGO IP-seq (protein immunoprecepitation-sequencing) libraries, including AGO1s (AGO1a, AGO1b, and AGO1c), AGO4s (AGO4a, AGO4b), and AGO16. We found that 80% of rice sdRNAs were associated with AGOs, which implied a possible diversion in their functionality (Fig. 6A) . Moreover, the sdRNAs that associated with AGO proteins were centered primarily in the range of 19-21 nt (Fig. 6B) , and interestingly, were predominantly produced from 5'-end of both C/D and H/ACA snoRNAs. In addition, these sdRNAs were generally associated with AGO1s, and with AGO1b in particular ( Fig. 6C and 6D) . Specifically, the sdRNAs produced from 4 box H/ACA snoRNAs and 13 box C/D snoRNAs were enriched more than 16-fold in the AGO1b library (Fig. 6E) . Rice AGO1s have been reported to preferentially bind small RNAs with a particular 5'-U nucleotide (Wu et al., 2009 ). We also found this to be the case for sdRNAs, as the sdRNAs with a 5'-U and 5'-G were preferentially recruited by AGO1b (Fig. 6F) .
In rice, Dicer-like 1 (DCL1) and Dicer-like 3 (DCL3) were primarily responsible for the production of 21 nt and 24 nt miRNA, respectively (Wu et al., 2010) . To determine whether RNAi pathway proteins such as DCL1 and DCL3 affect the biogenesis of the sdRNAs that we discovered in rice, we compared the relative abundance of sdRNA populations in the WT, DCL1IR-2 and dcl3a-17 RNAi libraries. We normalized the sequence data from the various libraries using tRNA as the endogenous control according to previously documented methods (Babiarz et al., 2008; Taft et al., 2009b) . Our analysis indicated that the loss of DCL1 or DCL3 generally resulted in an increased abundance of the majority of sdRNAs (Supplemental Fig. 8) . Specifically, the production of sdRNAs from 47 snoRNAs was found to increase by more than two fold in both the DCL1IR-2 and dcl3a-17 RNAi libraries (Fig. 6G) . Out of all 47 of the observed sdRNAs, 18 were down-regulated in either DCL1IR or dcl3a libraries, while the remaining 29 were up-regulated. This data suggests that the abundance of sdRNAs in rice can also be affected by components of the RNAi pathway. It's possible that DCL1 and DCL3 may serve as either enablers or inhibitors of the production of sdRNAs.
DISCUSSION
In this study, we report a genome-wide identification and analysis of ncRNAs with a size range of primarily 50-300 nt in rice. Our analysis generated an RNomic dataset that is useful for three purposes. Firstly, our experimental identification of 1,349 ncRNAs, including 754 previously undocumented molecules, not only significantly improves the documented genome annotation for one of the world's most important food crops, but also successfully introduces an ncRNA isolation method that enables the analysis of non-coding transcripts in higher plants. Secondly, other than ncRNAs that belong to known functional categories, our identification of 754 novel ncRNAs, including 460 rice specific candidates, should greatly expand our knowledge of ncRNA as a whole. Further functional characterization of these candidates will no doubt be useful for better understanding of the complexity and dynamics of a moncot species transcriptome. Thirdly, our expanded snoRNA collection in rice makes it an ideal platform for systematic analysis of the genomic organization, functional evolution and molecular features of snoRNA. Moreover, our nearly complete picture of snoRNA annotation will no doubt serve as an excellent resource in future explorations of snoRNA's impact on the development of higher plants. Together, our experimentally generated Rnomic dataset is efficiently complemented to computational predictions, valued for functional analysis, also facilitate the comparative analysis of ncRNAs characteristics in other plant species.
A compacted genomic organization of rice transcripts
In this study, we identified 1,349 ncRNAs that ultimately represented 1,056 unique ncRNA sequences on the rice genome. More than 50% of our ncRNA genes were encoded within long protein-coding loci (Figure 1 and supplemental Fig. 1) . Similarly, intergenic ncRNAs were also primarily located adjacent to the boundaries of protein-coding genes. As previously noted, half of the known snoRNA gene candidates are encoded within the protein-coding loci (Chen et al., 2003) . Likewise, further investigation demonstrated that 90% of our rice snoRNA candidates hosted small RNAs, which were derived from the ends of their parent snoRNAs (Figure 5 and 6). These results support a highly interleaved organization of the rice coding and non-coding transcripts. Overall, the organization seems to resemble a series of nesting dolls, in which sets of transcripts are placed inside one another as they decrease in size. The rice genome appears to have a pervasive transcription model similar to that commonly seen in mammalian genomes (Pang et al., 2006; Ponting et al., 2009) . Likewise, rice ncRNAs seem to be more concentrated near the promoter region, 5' untranslated regions, introns, and have also been observed to cluster at the 3' of genes (Kapranov et al., 2007) .
Our data updated the public non-coding database with 754 novel ncRNAs without structural classification and 123 new snoRNA candidates. Of the former, 25 were detected in Arabidopsis and 153 in sorghum (Figure 1) . It was reported that 64% of rice cDNAs were homologous to Arabidopsis (Kikuchi et al., 2003) , and that 96% of rice gene families were homologous to sorghum (Paterson et al., 2009) . Compared with these protein-coding sequences, the novel at Yale University on November 14, 2012 http://mplant.oxfordjournals.org/ ncRNAs we identified appear to be much less conserved. In addition, 83% of the novel ncRNAs exhibited developmental stage-differential expression (Figure 1 ). Less conservation and specific expression have been proposed as two of the primary characteristics of regulatory ncRNAs that are thought to either help plants adapt to the changing environment and developmental stages, or participate in a new regulatory network (Mattick, 2010) . Thus it seems likely that at least some of the ncRNAs identified in this study act as regulators. In addition, it may be possible to deduce the function of some of these ncRNAs from the specific genomic loci from which they are derived. Furthermore, we also noticed that the ncRNAs we detected were primarily less than 300 nt, despite our experimental method may allow to get longer transcripts within 500nt. This may be due to the lower abundance or tissue-specific expression manner of longer ncRNAs in rice. On the other hand, the sequence mapping strategy we employed identified only 100% perfect-matched reads in the genome as ncRNA candidates, which likely excluded all possibly spliced non-coding transcripts.
Evolution of snoRNA genes
Gene clusters were the primary genomic organization observed amongst of the snoRNA genes. Indeed, 76% of the snoRNA genes we identified were organized to gene clusters, and some were even observed to form super-clusters through the tandem duplication of clusters (Figure 3 and 4) . Given that gene duplication generates new snoRNA genes for selection, it has generally been considered to be an important evolutionary force. In this study, 70% of snoRNA genes had variants in the rice genome. Likewise, we also discovered that more than 50% of snoRNA gene family expansion could be explained by tandem duplication. Although the segmental duplication regions occupied more than half of the rice genome, only about 10% of snoRNA genes were accounted for by large-scale segmental duplication. Consequently, it appears that more than 80% of the genes initially produced via segmental duplications were lost after duplication (Figure 3 and supplemental Table 4 ).
Based on an in-depth analysis of one specific case, snoR134 (Fig. 4) , we provided further evidence that the duplication of snoRNA genes may have had an additional influence on snoRNA gene evolution. Furthermore, snoR134 was not the only example that achieved a higher level of genomic organization during evolution. In total, we detected 70 snoRNA genes present in the intergenic region of sorghum, but harbored by protein coding genes in rice. As intronic snoRNA genes are thought to coordinate with their host genes (Brown et al., 2003) , these results suggest that duplication provided snoRNA genes with not only more sequences, but also more gene organizations for selection. Thus, it appears that conserved snoRNA genes might employ a wide variety of transcription strategies to cope with their changing functional needs.
Diverse biogenesis of sdRNAs
All small RNAs derived from rice snoRNAs (sdRNAs) demonstrated both a broad size distribution and some specificity in their position of origination (Fig.5 A and 5B) . The C/D sdRNAs were derived predominantly from both ends of snoRNAs, while the H/ACA sdRNAs were derived predominantly from the 3' ends.
Components of the RNAi pathway, DCL1 and DCL3a, were found to regulate sdRNA biogenesis in rice, enabling the production of one subset of sdRNAs and inhibiting another. Nonetheless, it appears that neither DCL1 nor DCL3a is primarily responsible for sdRNA production, as the absence of DCL1 or DCL3a did not cause significant decrease in the abundance of rice sdRNAs (Supplemental Fig. 8 ). Rice encodes five DCL homologs: DCL1, DCL2, DCL3a, DCL3b, and DCL4 (Kapoor et al., 2008; Liu et al., 2005) . DCL1 and DCL3 are considered to be the main components in the biogenesis of 21 nt and 24 nt small RNAs, respectively. Moreover, they can act co-operatively to produce both cmiRNA (21 nt) and lmiRNA (24 nt) from Dual-Coding Precursors (Wu et al., 2010) . In flies, siRNAs have been shown to be DCL-2 dependent. Thus, we suspect that another DCL homolog other than DCL1 and DCL3a may be primarily responsible for sdRNA production in rice, or that this DCL homolog may compete with DCL1 and DCL3a, leading to an increased abundance of sdRNAs from individual snoRNAs.
AGO1s (AGO1a and AGO1c) have previously been reported to associate with ~21 nt miRNAs in rice (Wu et al., 2009 ), while AGO4s has been shown to associate with 24 nt miRNAs in rice (Wu et al., 2010) . A subset of sdRNAs in this study was determined to be AGO1-associated, and proved to have strong affiliation for AGO1b in particular (Figure 6 ). These AGO1-associated sdRNAs immediately exhibited strong specificity in their sizes and original positions. It was also determined that AGO1b was partial to recruiting sdRNAs that were 19 to 21 nt in length, and had either 5'-U or a 5'-G. Our results thus support the claim that AGO1b associates strongly with sdRNAs in rice compared to the other two AGO1 homologs. It has been reported, however, that AGO7, not AGO2, is strongly associated with sdRNAs in Arabidopsis (Taft et al., 2009b) . Although no obvious connection between our defined sdRNAs and AGO4s, including AGO4a, AGO4b and AGO16, was observed, we suspect that, given the variance in both size and position in the total population of sdRNAs, there should be some small RNAs that associate with other AGO proteins in either the RNA silencing pathway or other pathways.
METHODS
Construction of cDNA libraries for ncRNAs in Rice
Total RNAs were isolated from mixed-stage organs of O.sativa spp. Japonica cv. Nipponbare. Two libraries were constructed using materials from two rice developmental stages. Rice materials in Stage I represented coleoptiles, radicals, shoot, and tillering leaves. Stage II corresponded to materials at Yale University on November 14, 2012 http://mplant.oxfordjournals.org/ Downloaded from containing anther, pistil and grouting embryo. The total RNAs were extracted and fractionated according to the user manual of Qiagen RNA/DNA kit (Cat # : 14142, USA). The RNA fractions between 50-500 nt in length were collected and checked by the polyacylamide gel before the cDNA library was constructed. 5' end structure specific adaptors and 3' end adaptors were sequentially ligated to the isolated ncRNAs according to previously established methods (Deng et al., 2006) . cDNAs were obtained by reverse transcription without amplification. The cDNAs with both end adaptors served as the single stranded DNA (ssDNA) library for the deep 454 sequencing.
Manual curation of raw reads from 454 deep sequencing and ncRNA classification
The validated reads were mapped to rice genome TIGR 6.1 (Ouyang et al., 2007) , and all overlapping reads were collected as separate loci. Subsequently, tRNA and rRNA related loci were discarded using a tRNAscan program (Lowe and Eddy, 1997 ) and a homology comparison of the rRNA sequences was performed according to the TIGR annotation. Next, the consensus sequences and the sequence termini of each read's merging locus were obtained from multiple-reads alignment. The consensus sequences retained as distinct ncRNAs were remapped to the rice genome to determine the non-coding loci across the whole genome. Only perfect matches were considered as putative ncRNAs. snoRNA were identified based on their conserved motifs and secondary structures (Chen et al., 2003; Matera et al., 2007) . The sequences with a 5' end box C (RUGAUGA), 3' end box D (CUGA), and terminal short inverted repeats were identified as box C/D snoRNA candidates. The sequences exhibiting a typical hairpin-hinge-hairpin-tail secondary structure, with a box H (ANANNA) in the hinge region and a box ACA from the sequence end, were identified as box H/ACA snoRNA candidates. Program M-fold in Linux was employed to predict the secondary structures of each consensus sequence (Zuker, 2003) . MicroRNAs were annotated according to miRBase (Griffiths-Jones et al., 2008) annotation. Other ncRNAs were annotated by homology comparison in NONCODE 2.0 (He et al., 2008) , Rfam 9.1 (Gardner et al., 2009 ) and NCBI.
Total RNA extraction and Northern blot analysis
One microgram of the total RNA extracted from one-week-old rice seedlings was loaded to 6% polyacrylamide gels containing 7 M urea before being transferred to a nylon membrane and probed by DIG-labeled RNA probes. The sequences used for probing the selected ncRNAs are shown in Supplemental  Table 2 . The membranes were then washed and visualized by chemoluminescence according to previously documented methods (Deng et al., 2006) .
Evolutionary analysis of ncRNAs through intra and inter genomes
BLAST searchers (Altschul et al., 1997) were performed to identify homologs of the pertinent ncRNAs in the rice genome (E-value < 1E-10), the Sorghum genome, the Brachypodium genome(E-value < 1E-10), and the Arabidopsis genome (E-value < 1E-7). Sequence similarity of 55% was used to recover the homologs. This threshold was determined through random simulation (Supplemental Fig. 5 ). The simulation randomly selected one of ncRNA genes, and generated a sequence with similar length and GC content. The simulation was performed 10,000 times, and then all of the simulated sequences were aligned to ncRNA genes. We assumed the simulation distribution to be a normal distribution, and took 55% similarity as our threshold (p<0.0001). The genome sequence and annotation of sorghum and Arabidopsis were obtained from JGI (Paterson et al., 2009 ) and TAIR (Ouyang et al., 2007) respectively.
Analysis of snoRNA gene duplication
snoRNA paralogs in the same intergenic (intragenic) region or in neighboring intergenic (intragenic) regions were regarded as a product of tandem duplication. Segment duplication (SD) blocks with a maximum distance of 500 kb between two collinear gene pairs (Ouyang et al., 2007) were used as anchors to detect the segmental duplication events on the ncRNA genes. In order to prevent counting tandem duplications repeatedly, only the duplication event closest to the original snoRNA was included in our analysis. The mean Ks of the neighboring ten protein pairs were employed to calculate the time of large-scale duplication events. Due to the risk of saturation, we discarded those Ks > 2.0 (Blanc and Wolfe, 2004; Maher et al., 2006 ) and adopted an estimated rate of silent-site substitutions of 6.5E-09 substitutions/synonymous site/year (Gaut et al., 1996) .
In order to compare the gene retention rates of snoRNAs and protein-coding genes, we randomly chose 10,000 sequences, with ncRNA genes of a similar size, from the rice coding sequence (CDS) region located within the SD blocks. The CDS simulation sequences were mapped to their counterpart SD pairs with the same parameters that we used to identify the paralogs of the ncRNAs. The number of recognized counterparts of the CDS simulation sequences in segmental duplication was set as the average level of the functional sequence retention rate after segmental duplication.
Analysis of snoRNA-derived small RNAs
The small RNA data set we used was obtained from 9 deep sequencing libraries of rice organs at the 4-leaf stage. The expended libraries included sRNA populations in wild-type (WT) rice, DCL1IR-2 and dcl3a-17 RNAi lines, and sRNA populations from AGO1a, AGO1b, AGO1c, AGO4a, AGO4b and AGO16 immunoprecipitates (Wu et al., 2009; Wu et al., 2010) . Both box C/D snoRNA and box H/ACA snoRNA candidates were employed in the proceeding analysis. The small RNAs were mapped to the rice genome by the program Bowtie (Langmead et al., 2009) , and all those uniquely mapped to snoRNA loci as perfect matches were selected as our targets for further analysis.
In order to analyze the position-of-origin of the sdRNAs, we normalized the differences in total snoRNA length by parsing individual snoRNA candidates into 10% blocks. The relative position of the sdRNAs to their parent snoRNAs was represented by the blocks in which the 5' end nucleotides were reached.
For our analysis of the sdRNA size distribution and relative expression levels in the wild type, DCL1IR-2 and dcl3a-17 RNAi lines of rice, we performed a normalization on the libraries against the total abundance of tRNA, snRNA, and SRP RNA-derived small RNA fragments (Supplemental Table 5 ), as previously described in the literature (Taft et al., 2009b) . Compared with the wild-type library, tRNA/snRNA/ srpRNA derived reads were ~1.43 and ~2.5 fold greater in the DCL1IR-2 and dcl3a-17 libraries, respectively. The counts were also normalized to obtain a count per million measurement (Taft et al., 2009b) .
To normalize and compare sdRNA levels in all AGOs and Input sequencing data, we calculated cpm (counts per million) numbers for each sdRNA in control and AGO-IPs libraries.
